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Cross section data have been compiled from the literatioréhe end of 2008for
electron collisions with water ($0) molecules. All major collision processes are re-
viewed including: total scattering, elastic scattering, momentum transfer, excitation of
rotational, vibrational, and electronic states, ionization, electron attachment, dissociation,
and emission of radiation. In each case we assess the collected data and provide a
recommendation of the values of the cross section to be used. They are presented in a
tabular form. Isotope effects (B versus DO) are discussed as far as information is
available. ©2005 American Institute of Physic§DOI: 10.1063/1.1799251
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Venus, Mars, and the giant planets and even in the solar
atmosphere. Water is also the most abundant molecule in
comets. In the terrestrial atmosphergCHs the most impor-
tant greenhouse gdsontributing more than half of the 33 K

of natural warming. Water is not a major precursor of global
warming but, if the atmosphere warms due to increase in the
concentrations of pollutants like GOthe atmosphere will be
able to hold more water vapor evaporated from surface and
hence there will be an amplification of the warming effect.
Water is the main product of combustion of hydrocarbon
fuels, and hence it is one of the essential ingredients of the
model flue gas. Finally water plays an essential role in our
life, being the dominant component of the biological cell.

Electron collisions are a fundamental process in all of the
phenomena involving water molecules stated above. For ex-
ample, electron collisions are proposed to play a significant
role in determining the rotational population of water mol-
ecules in cometary atmosphefeBhis is of importance in the
analysis of the observed emission from the comets. It is now
feasible to use plasma techniques to control pollution from
fossil fuel combustion. To model such control processes, we
need to know the details of the elementary processes in the
flue plasma including electron collisioRgThe initial physi-
cal stage of radiation interaction with biological material can
be understood on the basis of the analysis of the track struc-
ture caused by charged patrticles. The knowledge of electron
interactions with water molecules is therefore vital in under-
standing radiation damade.

Electron collisions with HO have been studied for many
years with a large number of papers reporting cross section
data for many different interactions. A review of the cross
section data has been attempted by several authors. The
atomic and molecular data relevant to radiation research
were surveyed by a Committee of IAEA. Their regoir-
cludes cross sections for electron collisions withOH Re-
cently Karwaszet al® and Shiraiet al® have published a
data review of electron collisions with molecules, both the
reviews including cross section data opQH A recent bibli-
ography prepared by Hayashmay also be useful. Very re-
cently an extensive data compilation has been carried out for
electron collisions with a large number of molecutéFhis
work has provided a comprehensive set of cross sections
recommended for total scattering, elastic scattering, momen-
tum transfer, ionization, electron attachment, and excitations
of vibrational and electronic states. However each of these
reviews has some limitations, either in scope or in failing to
provide a recommendation of values to be used by the “ap-
plied” community. The present paper reviews the cross sec-
tion for electron collisions with KD and aims to provide a
more complehensive set of data than those published before.
The present review is partly based on the LandoltrBtein
data compilatiort! but has a wider scopée.g., including

Water is the third most abundant molecule in the Universeemission cross sectiong\fter reviewing avaliable cross sec-
(after H, and CQ.! Apart from the importance of its maser tion data, we have determined a set of recommended values
action, water is expected to contribute significantly to theof cross section, when possible. The quality of the recom-
cooling of star-forming molecular cloudsin the solar sys-
tem, water vapor has been detected in the atmospheres ©his reflects the situation that the availability of reliable data
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mended data is not uniform over the processes considered.



CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER 3

R TaBLE 1. Vibrational levels of HO
Energy
H H i (eV)

G\ /@ 010 0.1977
> 020 0.3907
S~ y 100 0.4534

o 001 0.4657

030 0.5786

. . 110 0.6491

Fic. 1. Nuclear configuration of }O. 011 0.6610

040 0.7605

120 0.8400

is different depending on the process. The general criteria for 021 0.8520
the selection of preferred data are as follows: igg 8'23;3
(1) In principle, experimental data are preferred to theo- 002 0.9231

retical ones. In some cases, however, elaborate calculatior;.\; _
are referred to corroborate the experimenal work. ibrational states are denoted by the quantum numbe(v,vz,vg),
L . where v,,v,,v3 represent the symmetric-stretching, bending, and anti-
_ (2)_ _The reliability of the experimental method_s empolyed symmetric stretching states, respectively.
is critically assessed. Agreement between multiple indeperfSummarized by Polyansket al 2
dent measurements of the same cross section is generally
taken as an endorsement of the accuracy of the measured
data. A strong emphasis is plgced on the ponsistency of the w,=1.8546 D=0.72965 a.u.
results taken by completely different techniques.
(3) In cases where only a single set of data is available fo
a given cross section, those data are simply shown (here
not designated as recommengednless there is a strong

;l'his was determined by the spectroscopic measurement of
the Stark effect in the rotational spectrdfhThe electric
quadrupole moment of 4D has three components:

reason to reject them. O,,=—2.50x10 % esucm,
More details of the process of data evaluation can be o6 e

found in each section. 0,y=2.63<10""" esucm,
To make a discussion more complete, information about 0,,— —0.130< 10 28 esucrs.

the electron collisions with fD (i.e., an isotope effegtis _ ) )
also presented. To the knowledge of the present authors, nd'€Se values were obtained by a high-resolution study of the
information is available on the electron collisions with)or ~ £€eman effect in the rotational spectrum. The dipole polar-

The literature has been surveyed through the end of 2003zability also has three componetits
gy =1.41x10%* cn?,

ay,y=1.53x10"%* cn?,

_ — 24
Water molecule in its electronically ground state has,a C az;=1.47<10"% cnt’.
symmetry(see Fig. 1 The equilibrium nuclear configuration The mean polarizability is

2. The Molecular Properties of H ,0

has® ag=1.47<10"%* cn?.
fon=0.095792 nm, H,O has three normal modes of vibration. Their funda-
0(H-O-H=104.5°. mental frequencies aré:
The ionization energy of 4D recommended by Lid3is v1(Symmetric stretching=3657 cm?,
E;=12.621+0.002 eV. v,(bending=1595 cn?,

After a very extensive critical assessment of the available
data, Ruscicet all* determined the best value of the disso-

L. TaBLE 2. Measurements of total scattering cross section f@ H
ciation energy to be

D(H-OH)=5.0992+0.0030 eV. Author(s) Energy rangdeV)
1 —_—
Here both the dissociation products are in their electronically SZZE“QZ;"e‘;Vg‘i Oéi—ggoo
ground states. Other dissociation channels are listed in Sec. Nishimura and Yar@ 7-500
10. Saglam and Aktekitf 25-300
H,O has a permanent electric dipole moment. Its direction  Saglam and Ak;gkﬁ? 4-20
. . . . H a
is along the symmetry axis of the molectuie., thez axis in Kimura et al. 1-400
Fig. 1), and its magnitude 13 3A revision of measurement by Sueoknal?’
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4 Y. ITIKAWA AND N. MASON

3 4). This is due to the strong dipole moment of the molecule.
2 | Thus forward scattering is a large fraction @f.
All the measurements listed in Table 2 are based on the
100 ¢ electron transmission method. Usually in the method, the
] « detector cannot totally discriminate against electrons elasti-
51 y cally scattered at the angles smaller than a certain \@eie
“e j noted by 6,,, herg which is determined by the acceptance
(] .
5.’0 3 angle of the apparatus. In other words, we have the relation
_‘é 21 Qr=Qr(measurept+AQy. (1)
-
g Here Qt(measureflis the measured value @+ and is de-
a 197 fined by
o 74ie + H,0 total
© g: X Szmytkowski po
]| © sueoka QT(measure)j=27Tf q(6)sin6deé, (2
X Zecca Omin
371 © Nishimura
.|il & Saglam whereq(6) is the differential cross section. Furthermore in
-~ elastic (Tennysor)) the actual experiment),, depends on the scattering center
] in the collision chamber, and hence it is not easy to estimate

A A A R the correctionAQ+, precisely. All the authors of the above
01 1 10 100 1000 papers recognized this problem and tried to estimate the un-
electron energy (eV) . . . .
certainty arising from the necessary correction to their re-
Fic. 2. Total scattering cross sectid@y , of H,0. A comparison is made of corded data. For example, Szmytkoviskstated that the
the experimental cross sections obtained by Szmytko(##i. 21, Sueoka  contribution of the forward scattering was about 0.4% of the

et al. (Ref. 26, Zeccaet al. (Ref. 22, Nishimura and YandRef. 23, and . .
Saglam and AktekiriRefs. 24 and 26 The theoretical elastic cross section measure@T at energies of 2 eV and below. Sueoka and his

obtained by Tennysoat al. (Ref. 28 is also shown for comparison. colleagues refined their earlier data to allow @, and
revised their earlier measureméntThe revisedQ; is re-

ported in their review papéP.

vs(antisymmetric stretching3756 cnmt In the energy region below about 10 eV, we have the re-
3 .

lation
Observed energies of the vibrational levels were summarized
by Polyanskyet al?° The lowest 13 levelsi.e., those below Qr=Qelas: ®
the second harmonic of antisymmetric stretching mate  Here Q.5 is the vibrationally elastic cross sectigfor the
shown in Table 1. magnitude of inelastic cross sections, see later segti®es

The rotational motion of water molecule is described bycently Tennyson and his colleagé®bave made an elaborate
that of an asymmetric-top rotor. The rotational energy levelgalculation ofQg,s (for details, see Sec.)4Figure 2 shows
are presented in Sec. 5. also their elastic cross section. Tg of Kimura et al?® is

Electronically excited states are discussed in Sec. 7. in very good agreement with this theoretic},,s and sup-

ports the reliability of theQ of Kimura et al?® A detailed
. . comparison shows that th@; of Kimura et al. is somewhat

3. Total Scattering Cross Sections smaller than theQ,,sat the energies below 5 e{At 2 eV,
for example, theQt is smaller than th&.,sby about 14%.

The total scattering cross sectio®4) of H,O has been This discrepancy may be within the uncertainty of these
measured by several groufls2°Table 2 lists these measure- measured cross sections. However Kimetral. did not state
ments and the energy range over which they were recordeérror bars for all their results in 4@, but in their measure-
Figure 2 compares these results. TQg of the different ment of a similar polar molecule, HEY, they claimed an
groups are in good agreement at the energies above about 8fror of 13% at 1 eV. In their calculations @5, Tennyson
eV. However in the lower energy region, they differ signifi- et al. assumed that the water molecule is initially in its rota-
cantly from one another. At 10 eV, for example, the values ofionally ground state. Okamotet al>° showed in their cal-

Q measured by Nishimura and Yafib,Saglam and culation of elastic cross section that, if one considers the
Aktekin?® Szmytkowsk?! and Kimura et al® are 16.6, distribution of rotational states at room temperature, the re-
17.8, 20.9, and 23.2 in units of 1€° cn?, respectively. sulting value ofQ,siS decreased by about 10% at 6 eV.
Hence the relative difference amounts to about 40%. Thes€onsidering these two pointse., uncertainty of the experi-
disagreements may be attributed to the uncertainty of eaciment and the rotational distribution in thepryhe agreement
experiment in determining contributions @; from forward  between the theoreticdd,s and theQ¢ of Kimura et al.
scattering. In electron collisions with,B, the elastic(or = would become much better than shown in the figure. There-
more precisely, vibrationally elasjicross section is very fore for low energies€ 10 eV) we recommend the values of
sharply peaked in the forward scattering directisee Sec. Kimura et al. with an error of 15%.

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005



CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER 5

3] 50 ;
24 e+ H,0 elastic
------ exp (Buckman)
- theory (Tennyson
1003 40 @® exp(Cho) |
B O theory (Okamoto)
Z_ ¥ recommended
N 5 NE
mg 4 o°
o 34 8 30
: A
24
5 8 o
=} ]
Q
& 10 § O
2 h o 20 AY
s 4 2
° o § *
5 * 2 o
4] 2 o,
.* [ L]
3 e + H,0 total 10 “re gy
recommended i X | [T ... N
2+ © Sueoka R e
% Zecca 3 A
1 T T Il'llli T T T UUoITr T T T Irrry T T T TIT1IT 0
0.1 1 10 100 1000 0 20 40 60 80 100
electron energy (eV) electron energy (eV)

Fic. 3. Recommended values Qf for H,O, compared with the experimen- £ 4 Ejastic scattering cross sectio@,s, of H,O. The present recom-

tal values obtained by Sueoka al. (Ref. 26 and Zecceet al. (Ref. 22. mended values are compared with those recommended by Buckian
(Ref. 37, experimental data obtained by Cébal. (Ref. 38, and theoretical
values obtained by Tennysat al. (Ref. 28 and Okamotcet al. (Ref. 30.

Kimuraet al. reported theiQ+ up to 400 eV. In the energy
range above that, only Zecea al?? have reported an exten-
sive measurement. THg; of Zeccaet al. are consistent with
the Q1 of Kimura et al. in the region where the two sets of
measurements overlap. Thus we have smoothly connect
the two sets of cross sections to produce the recommend
data onQ+ over the energy range, 1-1000 é¥g. 3). Table
3 gives the numerical values of the recommen@gd

The total scattering cross section fop® has been mea-
sured by Nishimura and Yafiband Szmytkowskiet al3!
Their values ofQt are in agreement with the corresponding

lues for HO within the combined experimental errors.

mytkowskiet al. claimed, however, that the small differ-
ence was real and mainly due to rotational and vibrational
excitations of the respective molecules. However considering
the uncertainty of theQ; in the lower energy region dis-
cussed above, no definitive conclusions about the magnitude

TaBLE 3. Recommended total scattering cross section for electron coIIision%f the isotope effect 0+ can be made

with H,O

Energy Cross section Energy Cross section Energy Cross section H i .

1 110 8 25.8 50 10.5

1.2 95.3 8.5 25.5 60 9.7 : . .

14 82.0 9 24.8 70 8.9 Almost all thg electron beam expenments have insufficient
16 71.0 95 23.7 80 8.3 energy resolution to resolve each rotational state of the water
1.8 62.3 10 23.2 90 7.7 molecule. Hence any elastic cross sectiQy,s, obtained

2 54.2 1 22.8 100 7.1 experimentally is only vibrationally elastic: i.e., including
gg ié'é ﬁ 3?‘7‘ igg 2'2 the cross section for rotational transitions, averaged over the
o8 43.2 14 21.0 200 48 initial rotational ;tates and summ.ed over the final ones. In
31 308 15 20.3 250 4.2 the present section, therefoi®,s is defined as the vibra-
3.4 37.2 16 19.6 289 3.78 tionally elastic cross section. Pure elastic, or rotationally
3.7 34.8 17 191 361 3.19 elastic, cross sections are discussed in Sec. 5.

25 fii ig ﬁg igg 32?3’ After surveying the available experimental resdfts®

5 30.2 20 17.7 500 248 Buckmanet al. recentlly presented their rec_ommended yaI—
55 291 22 16.9 576 2.20 ues of Qqas. They claimed 40% accuracy in the resulting
6 28.4 25 15.6 676 1.91 data. Until recently beam experiments were unabale to mea-
6.5 sg-g 30 1;‘:-1 ;gg 1.75 sure differential cross sectididC9) in the forward or in the

7 . 5 13.1 1.55 ; . Lo

75 6 5 10 122 1000 140 backward scattering directions. To derive integral cross sec

tion (ICS), the measured DCS were extrapolated towards 0°

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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100-] 100
6 ] _
54 E H,0 elastic 50 eV
4 e+H,0 elastic 6 eV b --- theory (Okamoto,
34 ==~ theory (Okamoto) b ® exp (Cho)
= 2 —— theory (Tennyson = .
o ® exp (Cho) o 1050
mg w§ i LN
w10 o ] e
= -1 c s \‘
° 61 ° B
) 54 = T . @
(8] O A
@ 4] [7) *
w 3 O I
2 @ 3 ‘e -
2 2 2 ] . .
(] o ] Y ",-
E .‘_E ] lb\ '/ ° ®
] 1 - ) 1 % R
§ 7 e ® é o . L ° ®
@ -1 ’P' @ P [ ]
;E g: ," / t 0.1 . N p .
° - . (] o E [ e ® o
34 ]
] i
0.1 0.01
T T T T T T T T T T T T T T T T T T T T T T T T T T
0 50 100 150 0 50 100 150

scattering angle (deg) scattering angle (deg)

Fic. 5. Differential cross sections for the elastic scattering fro@Ht the Fic. 6. Differential cross sections for the elastic scattering froy@Ht the
collision energy of 6 eV. Theoretical values obtained by Tennysbal. collision energy of 50 eV. Theoretical values obtained by Okansttal.

(Ref. 39 and Okamotet al.(Ref. 30 are compared with experimental data (Ref. 30 are compared with experimental data of Gitoal. (Ref. 38.
of Choet al. (Ref. 38.

Sec. 3, the theoretical elastic cross section agrees well with
and 180°. This results in an uncertainty in the derived ICSthe recommended values of the total cross section in the
Very recently, Cheet al3® succeeded in measuring the DCS energy range below about 10 eV. As a result, we recommend
at 10°—180°, with the use of a magnetic-angle-changing dethe theoretical cross sections of Tennysorl 28 for use at 6
vice. In Fig. 4, the ICS they determined are compared witteV and below.
the values recommended by Buckmetral. There is a good Figure 6 shows a similar comparison of DCS at 50 eV. At
agreement between the two sets@fs. this energy, only the theoretical cross section of Okamoto

As is described in the previous section, Tennyson and hist al. is available for comparison with experiment. From this
colleague? obtainedQ,,sUsing the R-matrix theory. In Fig. figure, we can conclude that the theoretical ICS is too large
4, their theoretical result is compared with another theoreticompared with experiment at 50 eV. Hence we prefer to
cal one by Okamotet al*>° and the experimental data of recommend the experimental data at 50 eV and above. To
Cho et al. There is a large disagreement between the theoprovide the recommended cross section in the energy region
retical and the experimental values at energies below 20 e\3—50 eV, we simply interpolate the two sets of cross sec-
but the discrepancy decreases with increasing energy. Figure
5 shows a corresponding comparison of DCS at 6 eV. The
theoretical DCSs(particularly those of Tennysoret al,
which are shown in the paper by Faweal3® agree very

TaBLE 4. Recommended elastic scattering cross sections-fdd,O

well with the experimental DCS of Chet al. This indicates E(r;f,r)gy ﬂ%??ss:rf%on
that the difference in the ICSs shown in Fig. 4 is ascribed to

the difference in the contribution of the DCS at the angles ; 161318
smaller than 20°. Chet al. estimated the contribution by a 4 356
multiparameter fitting of the measured DCS. Because of the 6 28.1
strong dipole moment of the molecule, the elastic DCS for 10 21.9
H,O has a very sharp peak in the forward directiancord- 20 15.0
ing to the theory® the DCS at 2° has a value of 3.71 30 1l
X 10 cn? at 6 eV). It is therefore likely that any extrapo- gg 2'22
lation procedure will introduce a large systematic error. For 60 537
example use of a polynomial fit may result in an underesti- 70 4.72
mate of the cross section ét=0°. On the other hand, theory 80 4.13
can reliably take into account the dipole effect, which domi- 1?)8 g'ig

nates at the lower collision energy. Furthermore, as shown in

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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10004 : TaBLE 6. Rotational energy levels of J@
65 e + H,0 momentum-transfer c.5. Para Ortho
Ly —+— Yousfi (swarm)
:_ © Cho (beam) Energy Energy'
| Jkrkr J, (meV) Jxrkr J. (meV)
- 0o 0o 0.0 11 1, 2.950
E 100+ 1y 1, 4.604 Lo 1, 5.253
o ] N\ 22 2, 8.690 2% 2, 9.856
Q ¢ 211 20 11.800 2, 2, 16.726
= 4 250 2, 16.882 33 3., 16.956
2 3 313 3., 17.640 3, 3, 21.495
Q N 35 3, 25578 3, 3; 26.304
@ 33 3, 35.363 3 3, 35.387
2]
o 107 \ 3Summarized by Tennysazt al?
(8] 4
g: \/j
4 . . .
N The momentum-transfer cross section is defined by the
N formula
™ .
1 R e szZWJ' (1—cos8)delad 0)sin 6do, (4)
0
0.01 0.1 1 10 100
electron energy (eV) whereqgqsis the elastic differential cross section.

) _ Momentum-transfer cross sections, particularly those at
Fic. 7. Momentum transfer cross sectiof®,, of H,O. Swarm dat&Yousfi

and Benabdessadok, Ref.)4e compared with beam ddtahoet al. (Ref. low energies, may be determined py swarm experiments. The_
38)]. most recent swarm measurement is that performed by Yousfi

and Benabdessadtand plotted in Fig. 7. According to its
definition, Q, is also obtained from the DCS for elastic scat-

ions: the th ical below 6 eV and th _ tering measured by beam experiments. By definition, a large-
tions: the theoretical ones below 6 eV and the experiment ngle scattering contributes @, much more than a small-

ones above 50 eV. The resulting recommended values ngle one. Because Cet al3® measured DCS up to 180°
Qelasare shown in Fig. 4 with crosses. The numerical valuestheir Q,, is expected to be most accuratblote that, since

Of Qelas thus recommended are given in Table 4. We WOUId‘[he forward scattering has a less significant contribution to

however recommend that new experimental data be coIIecte@m, the extrapolation in the forward direction should have a

(using the magnetic-angle-changing techn)qt_m energies. small effect in this casgTheir derivedQ,, are also plotted in
below 10 eV and that more elaborate theoretical calculatlon,c!ig 7. The figure clearly shows that the swarm data are

be performed above 20 eV. almost in agreement with the beam data of GHal. In

conclusion, the swarm values @f,, are recommended and

are tabulated in Table 5.
TaBLE 5. Recommended momentum transfer cross sections-fd,O

Energy Cross section 5. Rotational Transitions
(eV) (10" cnr?)

0.001 861 4303 Rotational motion of water molecule is represented by that

0.005 393 325.0 of an asymmetric-top rotor. Its energy levels are labeled by a

0.01563 228.4 guantum numbedy.¢», whereJ is the rotational angular

0.04528 139.2 momentumK' is the projection ofl along the axis of least

01312 60.71 moment of inertia(i.e., they axis in Fig. 1, andK” is the

2:?222 2;_'312 projection along the largest moment of inerthe x axis).

1.989 3.975 Instead of usingK',K”), the levels are often denoted by a

3.16 4.334 pseudoquantum number which is defined by

5.02 5.055 s

6.909 7.769 7=K'—K". (5)

9.386 8.529 The rotational energy levels of water are separated into two
12.75 9.052 .
17.32 7244 sets, the one with even valuesofpara levelsand the other
23.53 515 with odd values ofr (ortho level$. Neither photoabsorption
31.96 3.561 nor electron impact can induce a transition between the two
43.42 2.5 sets of rotational states. Experimental values of the rotational
1;8 1'5 energy levels of KO have been summarized by Tennyson

et al*! Table 6 shows them witd=0-3.
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8 Y. ITIKAWA AND N. MASON

. TasLe 8. Recommended cross sectidits 1016 cn?) for electron-impact
] : : o 39 .
d\ I@ rotational transitions of D> (Continued
10" 3 \ Energy
1 ev) J=0-1 J=0-2 J=0-3 J=0-0
] \/" \ 0.12 560.0 13.14 3.183 259.6
. 10° 3 0.15 4745 10.70 2.603 197.5
) ] \ 0.17 431.8 9.526 2.320 168.9
o° ; \ 0.2 381.6 8.184 1.995 137.3
g ] \ 0.22 354.6 7.486 1.824 121.2
g 10" 3 [o N B E§ 0.25 321.2 6.644 1.618 102.3
B ] J 0.3 278.6 5.613 1.362 79.74
& ] /\ 0.4 221.8 4.334 1.040 52.71
2 , 0.5 185.4 3.582 0.8458 37.42
£ 10 73 0.6 159.9 3.092 0.7168 27.81
(5] 3
3 BlRN 07 140.9 2.750 0.6251 2134
i 0.8 126.2 2.498 0.5566 16.77
100 4 o3 0.9 1145 2.305 0.5036 13.42
3 =4 1 104.9 2.153 0.4613 10.90
3 \’ 1.2 90.04 1.929 0.3983 7.452
] 15 74.63 1.712 0.3362 4.507
10" 1.7 67.15 1.614 0.3079 3.345
T T T TTT T T T I0IT T T DL LU T T T 1 2 5854 1509 0-2775 2262
0.001 0.01 0.1 1 2.2 54.02 1.458 0.2631 1.821
electron energy (eV) 2.5 48.50 1.398 0.2475 1.432
Fic. 8. Cross sections for the rotational transitiods,0-0,1,2,3, of HO, 3 41.60 1.326 02331 1.252
calculated by Tennysoet al. (Ref. 39. 4 8263 1.239 0.2287 1.828
5 27.02 1.204 0.2431 2.884

Tennyson and his colleaguii@4?have made a comprehen-
sive calculation of the cross section for electron-impact rotalowed transition and with a simple kinematic ratio for the
tional transitions of HO using the R-matrix method. Their threshold behavior. They obtained cross sections for the tran-
calculation was based on the fixed-nuclei approximationsitions among all the rotational levels upie-5 at the col-
corrected with the Born-closure formula for the dipole al- lision energies 0.001-7.0 eV. Representative values shown in
Fig. 8(and Table 7 and Table §resent the cross sections for
the transitions from the rotationally ground stdte=0,. For
simplicity of presentation, they are the cross sections
summed overr, i.e.,

TaBLE 7. Recommended cross sectidits 10~ ¢ cn?) for electron-impact
rotational transitions of kD.3°

Energy
(eV) J=0-1 J=0-2 J=0-3 J=0-0 Qrof(0—3)=2 Qro(0p—J,). (6)
T

0.001 48153 . )
0.002 23600 According to the selection rule, only the para states can be
0.003 15411 excited fromJ,.=0y.
0.004 11358 The calculation shows that:
8'882 1;1‘51 ?ggg (i) Among the inelastic processes, the dipole-allowed tran-
0.007 2152 6241 sition domlnates over others. In the transition frams0,
0.008 2236 5405 Q,t(0—1) is a factor of 40-50 larger tha®,,(0—2),
0.009 2252 10.18 4760 which is the largest of the dipole forbidden processes.
0.01 2233 18.16 4248 (i) At around 1 eV, the rotationally elastig.e., J=0
0.012 2151 24.10 3486 L ;

—0) cross section is much smaller th@p,(0—1). It in-
0.015 1998 27.53 2735 h ith d i d d
0017 1898 3012 2385 creases, however, with decreasing energy and exceeds
0.02 1761 41.91 5.580 1997 Qro(0—1) atE=0.025 eV and below.
0.022 1679 42.71 6.584 1798 It should be noted, however, that the fixed-nuclei approxima-
0.025 1570 41.87 7.069 1562 tion may fail at lower energies. According to the authors of
0.03 1417 38.88 7.011 1277 the calculation, the data shown here at the energies below 0.1
0.04 1191 32.65 6.909 926.3 V should b 4 with .
0.05 1033 27.74 6.288 7204 €V should be used with caution. . 4
0.06 914.5 24.02 5595 585.4 In the higher energy regiot6—50 eV}, Gianturcoet al.
0.07 823.0 21.14 4.997 490.3  reported another calculation. They reported cross sections
0.08 749.8 18.86 4.498 4200 only for the transition from the rotationally ground statk (
0.09 689.7 17.01 4.083 3658  _ : :
o1 639 5 15.49 3734 3230 0). A comparison at 6 eV shows that, for the dominant

processe$i.e.,J=0—J=0,1), the two sets of cross sections
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CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER 9

agree with each other, but there is a somewhat large dis
agreement for other processes. Combining the results of th 4
two calculations, we can say that, in the energy range 0.1-1( 1
eV, the dipole-allowed rotational transition has the dominant 2]
contribution to the vibrationally elastic cross sectigre.,

Qeiasin Sec. 4 and otherwise the rotationally elastic process 1
(i.e.,J=0-0) also has a sizable contribution@Q,s-

The only experimental attempt to investigate rotational
transitions was made by Jureg al** They could not resolve
each rotational transition but obtained the excitation and de-
excitation cross section as a sum, respectively. Furthermor
they reported only DCS at 2.14 and 6.0 eV. Giantuetal.
compared their calculation with the measured DCS and
found a qualitatively good agreement. However, given the o o+ 0
improvement in stability and resolution of modern electron M vibration (100)+(001
spectrometers, it would be timely to remeasure the values o N X Brunger
Junget al ©  Rohr

’ i . . 2 --@- Yousfi (swarm)

Due to the small interlevel spacings, water molecules in -8~ recommended
the gas phase at a finite temperature will be populated over i 0.01 )
large range of rotational states. At 300 K, for example, the 2 3 456 2 3456 2 3 45
states withJ=1-5 have a significant population. In making 01 1 10

. . . electron energy (eV)
allowance for such states in electron scattering, we believe
that the paper of Fauret al3 should be referred to for the Fie. 9. Cross sections for the vibrational excitation of stretching modes of
transitions from those states. H,O. The present recommended values are compared with those recom-
39 ; i~ ~mended by Brungeet al. (Ref. 49, experimental data obtained by Yousfi

Faureet aI_. also cz_ilculated the rotational cross sectlonanol BenabdessadaRef. 40, and Rohr(Ref. 53,
for D,O. Their calculation shows that tig,,(0—1) for D,O
is always larger than that for J&. For example, the ratio

Qrot(0—1,0,0)/Q10(0—1,H,0) is 1.11 at 1 eV and 1.17 at E|-Zein et al,*® Brungeret al*® have determined the recom-

0.1 eV. It should be noted here that, as for the isotope effecinended values o, for the (010 mode as shown in Fig.
they took into account only the difference in the rotational10.

constant. They assumed the same interaction potential for the Three different group§8=>?have published theoretical cal-
two isotopes. Actually, BO has almost the same value of cylations ofQ,;, for H,O. None of the theoretical calcula-
dipole moment as 0.}* The remaining difference in the
interaction may not much affect the dipole allowed transition
(say,J=0—1), but change the result for other transitions 57
(i.e.,J=0—0,23,..).

16 2
cm)

o

1

0.1

cross section (10

6. Vibrational Excitation ]

To date three electron beam/gas beam measurefietts
of vibrational excitation cross sectioQ,;,, have been re-
ported. None was capable of resolving the two stretching - 2]
modes,(100) and(001). Hence everyone gave the cross sec-

16 2
cross section (10 cm)

tion for the composite of the two modé&ecently, however, 0.1

a new experiment has reported separate excitation cross se 6 TTho ]

tions for the two stretching modes albeit at one angle and ] vibration ©10) N

three energies. See belgvithe results of these three mea- N ¥ Brunger 4
surements are almost in agreement with one another for thi ® Rohr

stretching modes. Taking a weighted average of those date “] _;_ I;’;‘jf,,',,ﬁseﬁ"j;;r )

Brungeret al*° have determined the recommended values of :

Quip in the energy range 1-20 el¥ig. 9). For the bending oo L A A A L L

mode, there are some discrepancies between the results 0.1 1 10
the three measurements. In particular, El-Zeiral *® found electron energy (eV)

a resonan_ce'"ke sharp p_eak at 7.5 eV for (020 excita-  Fg. 10. Cross sections for the vibrational excitation of bending mode of
tion. Placing a more weight on the most recent result byH,0. (See Fig. 9 for the referencegs.
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10 Y. ITIKAWA AND N. MASON

tions show any evidence for the resonance-like structure affABLe 9. Recommended vibrational excitation cross sectiongfoH,0
7.5 eV. The DCS for th€010) excitation calculated at 7.8 eV

by Moreiraet al,>? for example, shows a significant differ- (100)+ (001) 019
ence from the corresponding values of El-Zahal, but Energy Cross section Energy Cross section
agrees with the other two experiments. Further, preliminary €V (10"*° enf) (ev) (10"*° enf)
results of recent measurements by Dagij@l. (private com- 0.453 0 0.198 0
munication and Tanakat al. (private communicationshow 0.53 2.25 0.3 171
no evidence of the resonance. Considering these facts, we 8'22 ggi g'gg 1'?22
cannot discard the possibility that the sharp peak of El-Zein g 06 0.6 0.7885
et al.at 7.5 eV is an artifact. Thus, we have constructed our 1 0.500 0.862 0.399
recommended cross section without including the peak of 2.1 0.320 1 0.370
(010) cross section of El-Zeirt al. We have modified the 3 0.310 2 0.200
recommended cross sections of Brungeml®® in such a :—,1 g'igg 5'2 g'igg
way as shown in Figs. 9 and 10. 6 0.489 4 0150
Seng and LindéP obtained a sharp peak in their cross 7 0.520 5 0.157
sections near the respective threshold. Rbhepeated the 7.5 0.529 6 0.163
measurement in the threshold region and found somewhat 8 0.495 8 0.17
different results from Seng and Linder. Rohr does not report 8.875 8;2153 llg 8'11388
the energy dependence of ICS, but only the peak values ;5 0.190 20 0.100
[23.4x10 7 cn? at 0.61 eV for (100 (001) transition 20 0.080

and 8.7 10 7 cn? at 0.42 eV for(010) modd.

From a swarm analysis, Yousfi and Benabdess&ddé-
rived Q,j, over a wide range of electron energies. Their re-(j.e., DCS at 135° and at 0.6 eV above the threshshbw a
sultis plotted in Figs. 9 and 10. In the energy region above Emall isotope effect. The cross section fosQHis larger than
eV, the swarm data agree with the present recommended vahat for D,O for all the three normal modes. For the stretch-
ues for(010) transition, but not for (100} (001). In prin-  ing modes, this is almost consistent with a previous measure-
ciple, the swarm data are more reliable in the lower energynent of isotope effect by Ben Arfat al®® The latter authors
region. Here we adopt the swarm data to extend the reconmmeasured the DCS at 40° and 8 eV. They observed no iso-
mended values to the energies below 1 eV. The resu@izg  topic difference for the bending mode. Since the nuclear mo-
for the stretching modes is consistent with the peak found byion is directly involved, the study of isotope effect must be
Rohr, but it does not hold for the bending mode. Recentlyaluable in the understanding of the vibrational excitation of
Nishimura and Gianturc repeated the calculation of Nish- molecules.
imura and Itikawa' with an improved potential for electron- Having reviewed all the data, our recommended values of
exchange and polarization interactions. Particularly they obQ,;, are given in Table 9, nevertheless we recommend that
tained theoretical cross sections at the energies below 1 edew experimental data be collected, both DCS and ICS for
Their result for the bending mode is in good agreement withvibrational excitation of HO.
the present recommended values. Their cross sections for the
stretching modes, however, do not reproduce the experimen- 7. Excitation of Electronic States
tal peak observed by Rohr and disagree with the present 7 1. Excited States
recommended values over the whole energy range up to 10
eV. Table 10 lists the electronically excited states gf0+Hbe-

Allan and Moreira® recently succeeded to separately meajow about 11 eV. The electronically ground state ofCH
sure the cross sections for the two stretching modE30))  belongs to the &, symmetry and has the electron configura-
and(001). They reported only the DCS at 135° measured ation
the energies of 0.05, 0.6, and 3.0 eV above the respective
thresholds. They found that, at all the energies of their ex- (1ay)*(2a1)*(1b2)*(3ay)*(1by)*.
periment, the symmetric stretching mod&p0), has much Table 10 shows the vertical excitation energies for each
larger cross sections than the antisymmetric ¢d@J]). Nish-  excited state. Each excited state is labeled by the irreducible
imura and Gianturc found a similar trend in their calcula- representation of the G group(the first column of the tabje
tion. For example, the excitation cross section(ft®0) cal- and the dominant excitation from the ground stdke sec-
culated by Nishimura and Gianturco at 1 eV is about fourond column. The standard way to study excited states is
times larger than the corresponding value(@®1). It should  through photoabsorption spectroscopy. However, the most
be noted that Nishimura and Gianturco report only ICS andrecent spectroscopic study of,® is that of Charet al,>’
hence, no direct comparison with the experimental DCS cawho employed the dipoleg(e) method(see belowto mimic
be made. a photoabsorption spectra. Excitation energies derived from

Allan and Moreir&° also reported the cross section for the their spectra are listed in the seventh column of Table 10.
vibrational excitation of BO. Their measured cross sections The spectrum of water in the energy region 10-20 eV con-
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TaBLE 10. Electronically excited states of,8. Vertical excitation energies are shown in eV

State Excitation Chuijigh Winter® van Harreveft GorfinkieP Char?
41p, (F) b;-3db, 11.13 11.16 (3")" 11.057
1B, b,-3da, 11.1 11.11 (A")
41B, (B) b;-3da 11.01 10.990
21A, b;-3db, 10.84 11.02 (A")
23A, b,-3db, 10.68
3B, b;-4sq 10.52
3°%B; b;-4s3 10.39
31a, (D) b,-3phy 10.16 10.16 10.11 (B') 10.171
21B, (C) b.-3pa 10.01 10.06 10.11 (8") 9.994
2B, (B) b,-3pa 9.98 9.99
237, (d) b;-3phby; 9.81 9.74
21a, (B) 3a-3sg 9.7 9.82 9.95 (") 9.86 9.7
13A, (b) 3a-3sg 9.3 9.44 9.20
1A, b;-3ph, 9.1 9.46 9.60 (2")

137, b,-3ph, 8.9 9.34

1B, (A) b,-3s3 7.4 7.61 7.63 (A") 7.51 7.4
13B,; (3) b,-3s3 7.0 7.26 7.03

11a, (X) 0.0 0.0 0.0(A") 0.0 0.0

3 lectron energy loss spectta.

Pab initio calculation®

“Theoretical potential energy surfate.

Theoretical potential energy surfate.

eEquivalent” photoabsorption spectroscopy with the dipoted) method®”
Notation of G symmetry.

sists of many discrete peaks, which may be assigned to theansition energies of their lowest four states are given in the
transitions from the outer valence to the Rydberg orbitalssixth column of Table 10 and they are in good agreement
The Rydberg series of the spectra has been analyzed in detgilth experimental values. The four higher energy states are
by Girtler et al*® located too high compared with the experimental result. This

The photoabsorption spectroscopy only gives informationmay be due to the fact that diffuse states cannot be accurately
on the optically allowed excited states. Electron-impact specrepresented in their calculation.

troscopy is useful for the study of optically forbidden states.
The most extensive work of electron spectroscopy ¢OH
was made by Chutjiaet al>® They covered the energy loss  To date no electron beam measurements have reported ab-
range of 4.2-12 eV. With the help ofab initio  selute values of the excitation cross section gDHThere-
calculations®* Chutjian et al. assigned their energy 10Ss fore to provide information on the excitation cross sections
peaks as shown in Table 10. The third column of the tablgy \yater, data have, at present, to be based upon: a semi-
lists the transition energies measured by Chutgaal. empirical model, a swarm experiment and theory. Taking
To study the detailed structure of the excited states, We..1  ~onsideration the results of photoabsorption and
have to know the nuclear configuration dependence of th%lectron-impact spectroscopies, Olivabal % introduced a

EXC'tatlol? er:jergy, I'_'Ie" g%t?\ potenuzl surfalcebs. ;;C.ef‘:'y Vagemiempirical model to produce a set of excitation cross sec-
arrevett and van rem ave made an elaborad® INito o ¢ H,O. Zaideret al® modified those cross sections to

calculation of the potential surfaces of,®. States of HO T -

e ) ! : apply them to the track structure calculation in radiobiology.
with its arbitrary nuclear configuration are denoted by theYousﬁ and BenabdessadBknade a swarm experiment and
irreducible representatiorA( andA”) of the G group. Us- derived " t for®L For th P itati f
ing the multireference configuration interaction method, van erived a cross section set Tor®L or the excitalion o

Harrevelt and van Hemert calculated the potential surface§€Ctronic states, they used the work of Olivetaal. to de-
for the four lowest states of botA’ and A” symmteries. termine excitation processes and their threshold energies.

Their result of the vertical excitation energies are shown inl N0Se excitation processes, however, do not necessarily cor-
the fifth column of Table 10. They considered only the spin-féspond to those listed in Table 10. For example, they as-
singlet states. In order to calculate excitation cross sectiorsumed a triplet state excitation with the threshold of 4.5 eV.
Gorfinkiel et al?® theoretically constructed the potential sur- A detailed measurement of the energy loss spectra in the 4—-6
faces of HO. They changed the length of one OH bond, buteV region by Edmonsoret al®® and later by Cvejanovic
fixed the other OH bond and thé-O—Hangle at their equi- et al®® confirmed no state at around 4.5 eV. Instead, as is
librium values. They considered the lowest two excited stateshown in Table 10, we have tH&, state at 7.0 eV, which

of both A’ andA”, and both singlet and triplet states. The was not taken into account in the swarm analysis.

7.2. Excitation Cross Sections
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There are five theoretical papers reporting excitation cross .
sections of HO 2867-70|| of them, except that of Gorfinkiel
et al, based their calculation on the fixed-nuclei approxima-
tion. Gorfinkiel et al?® sought to take into account the
nuclear motion. All of the five papers report the cross section

for the excitation ofb 3A;(3a;—3sa,) state. Three of _
then?®®%-%83lso present the cross section for the excitation of

3 °By(b;—3sa), A 1'By(b;—3sa), and B 1073
21A,(3a,;—3sa,) states. As shown by Gorfinkiei al, the ] / e *
resulting theoretical cross sections show significant differ-~§ i

ences. Furthermore, there is a significant difference betwee!
the cross sections calculated with and without nuclear mo-
tion considered. In principle the calculation including
nuclear motion should be more accurate than the others
Since the method of Gorfinkiett al. was, however, very :
approximate, no definite conclusions can be drawn as to the iy
behavior of the excitation cross section. Theoretical cross ] XX %X x
sections show the Feshbach resonaificedetails, see Gor- 19 ) X o
finkiel et al2?). They are closely related with the onset of Zxgy X% XX
dissociative attachment observésee Sec. P Gorfinkiel

et al. showed, however, that the theoretical behavior of the
resonance depends on how to treat the nuclear motion in th . - X
calculation. w0

A measurement of electron energy-loss spectra has a pos 10 LA S A L S
sibility of providing DCS for the excitation process. Trajmar 10 100 1000
et al.” measured the energy loss spectra at the electron er. electron energy (eV)
ergies of 15, 20, and 53 eV. They derived DCS for a numbeFc. 11. Recommended values of the partial ionization cross sections of
of excited states but only in relative scale. From a bean{’-C for the production of KO™, OH", 0%, O"", H, , and H'.
experiment at 500 eV, Lassette al.”? obtained the gener-
alized oscillator strengtiGOS for the energy loss peak at
7.4, 10.1, 11.0, and 13.3 eV over the squared momentu
transferkK?=0.1-2.0 a.u. Klump and Lassettfeextended
the measurement and determined the GOS for the 7.4 e
peak up toK2?=4.5 a.u. According to the Born—Bethe
theory, an intensity at the forward scattering for incident en-
ergy much higher than 100 eV gives the optical oscillator . -1
strength. This is called the dipole,€) method. To obtain
the “equivalent” photoabsorption spectrum of® with this
method, Charet al>” measured the forward angle electron
scattering with 8 keV electrons. Such information, though
fragmentary, may be useful in the testing of theoretical cal-
culations.

Due to the lack of data, we therefore cannot provide a-g
recommended set of values for electron impact excitation ofg
water. This is a serious problem since electronic excitation is
important in planetary atmospheres, plasmas, and radiati0|§
chemistry. Experiments and refined theory are urgently §
needed. ° 1

-
o

—H,0" e OH

-
Ol

cross section (
X

L1t 1

Xz XXX

1111y
X

b
B

referred. A special care should be taken to avoid discrimini-

tion against energetic fragment ions. Furthermore, a greater

eight is placed on the experiment not relying on normaliza-
tion to other works. As a result, Lindsay and Man@famave

e + H,0 total ionizati+n

8. lonization

Recently Lindsay and Mang&hreviewed available ex-

perimental data on the electron impact ionization cross sec ) ;
tion of molecules. In so doing, they put much stress on the 10 2o TR e 2 Rt 00
reliability of the experimental techniques employed. In par- electron energy (eV)

ticular, methods capable of collecting all the product ions are Fic. 12. Recommended values of total ionization cross section,6f. H
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TaBLE 11. Recommended ionization cross sectionsefoH,O

Energy
(ev)

13.5
15

175
20

225
25
30
35
40
45
50
60
70
80
90
100
110
125
150
175
200
250
300
400
500
600
700
800
900
1000

H,O" OH" o* o' Hy H* Total
(107**cm?) (107 *°cn?) (107 *cn?) (10 *Fcn?) (107 ¥ cen?) (10 'cn?) (10 Pcnr)
0.025 0.025
0.126 0.126
0.272 0.0013 0.274
0.411 0.0145 0.0024 0.428
0.549 0.0500 0.0091 0.609
0.652 0.0855 0.22 0.0207 0.761
0.815 0.160 0.37 0.018 0.0433 1.02
0.958 0.222 0.70 0.039 0.0759 1.26
1.05 0.264 1.32 0.057 0.110 1.43
1.12 0.300 2.07 0.070 0.145 1.59
1.18 0.329 2.75 0.065 0.178 1.72
1.24 0.364 3.94 0.066 0.235 1.88
1.27 0.389 4.84 0.069 0.279 1.99
1.31 0.409 5.94 0.063 0.317 2.09
1.31 0.412 6.66 0.008 0.078 0.343 2.13
1.31 0.418 6.95 0.019 0.075 0.360 2.16
1.29 0.415 7.38 0.046 0.073 0.370 2.15
1.27 0.412 7.63 0.069 0.064 0.375 2.13
1.21 0.393 7.52 0.116 0.077 0.371 2.05
1.16 0.381 7.31 0.178 0.071 0.366 1.99
1.12 0.363 7.07 0.179 0.054 0.351 1.90
1.01 0.334 6.34 0.195 0.050 0.316 1.73
0.921 0.311 5.51 0.179 0.045 0.284 1.57
0.789 0.266 4.34 0.134 0.040 0.237 1.34
0.696 0.230 3.73 0.105 0.032 0.198 1.16
0.618 0.203 3.13 0.096 0.029 0.172 1.02
0.555 0.185 2.71 0.080 0.033 0.149 0.917
0.502 0.169 2.40 0.080 0.022 0.135 0.830
0.465 0.156 2.20 0.060 0.032 0.120 0.763
0.432 0.143 1.94 0.066 0.024 0.109 0.705

determined the recommended values of ionization cross sec-
tion for H,O on the basis of the measurement by Straub

et al’®

13

Straubet al. used a parallel plate apparatus with a time-Taste 12. Single differential cross section for ionization of,® (in
of-flight mass spectrometer and position sensitive detector of

product ions. The partial ionization cross sections were made

10719 c/eV)

absolute independently, i.e., without resorting to any normal-

ization procedure. Lindsay and Mangan slightly corrected Es (ev)?
the original values of Strauét al. considering a recent reca-

Incident electron energfeV)

2
libration of their apparatus. The recommended cross section 4
6
8

was reported each for the product ions,GH, OH*, O,
O"*, Hy, H'. Those are shown in Fig. 11. We therefore

recommend these values noting that, according to Lindsay 14
and Mangan, the uncertainties of the partial cross sections 20

are 6%, 7%, 9%, 13%, 16%, and 6.5% for thglH, OH",
0", 0™*, Hy , and H' ions, respectively. The uncertainty in
the electron energy is-1eV. Though the production of
H,O"" has been reported by Ra al.’® Straubet al. had

no evidence of that. They estimated the cross section for 70

H,O"* to be less than ICG° cn? at 200 eV. The total ion-

ization cross section was obtained as a sum of those partial 120

ones. The uncertainty of that is 6%. The resulting values
(shown in Fig. 12 are in good agreement with those ob-
tained by a total-ion-current measuremeptg., Schutten
et al.”") within the combined error limit and theoretical cross
sections obtained with the BEB method by Hwaegigal.”®

The total and partial

50 100 200 300 500 1000
240 250 210 160 110 65
170 160 130 110 70 41
130 120 100 85 57 30
110 93 80 66 44 24
10 92 74 69 53 36 20
71 50 47 38 26 14
66 32 28 22 16 9.0
25 81 24 20 16 12 6.5
34 140 18 12 9.6 6.9 4.1
40 17 9.7 7.0 51 3.3
48 18 6.9 5.2 3.8 2.3
56 22 5.4 3.9 2.7 1.7
36 4.3 2.5 1.8 11
100 4.0 1.4 0.87 0.55
11 1.2 0.40 0.25
200 2.5 0.28 0.16
240 5.6 0.26 0.11
300 0.38 0.074
400 0.14 0.056
500 0.050
700 0.095

8 nergy of secondary electron.
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14 Y. ITIKAWA AND N. MASON

107" : : TaBLE 13. Recommended cross sections for production offtém H,O
e +H,0 -\ Energy Cross section
diss. attach. \\ (eV) (10728 cnp)
o} O!'I \ 55 0.02
101 4 X f‘_ P\ 5.74 0.16
et I N 5.9 0.985
R ! N 6.01 4.3
< ,’ T 6.165 6.22
S * 6.286 6.317
§ 107 L o * . 6.4 6.37
8 [oro 8% S v 6.52 6.25
. gt 6.65 5.79
g @ A 6.81 4.89
* Jo %9 e 7.0 3.56
o ° 7.465 129
102 X0 7.69 0.877
o 7.89 0.74
X 8.0 0.79
8.09 0.995
o 8.14 1.09
102" 8.235 1.166
8.395 1.04
0 2 4 6 8 10 12 14 8.79 0.76
electron energy (eV) 9.01 0.62
9.57 0.28
Fic. 13. Recommended values of the electron attachment cross sections of 98 0.17
H,O for the production of OH, O~, and H™. 10.0 0.098

11. least within the somewhat large error bars.
The appearance potential of each fragment ion was mea-
sured independently as 9. Dissociative Attachment
e+H,0—H* 16.95+0.05 eV/® Electron attachment to many molecules has been reviewed
OH* 18.116+0.003 eVi* by Itikawa® For H,0, he selected the cross section mea-
o* 19.0+0.2 eV
H2+ 20.7+0.4 eV TaBLE 14. Recommended cross sections for production off@m H,O
In Table 11, the cross section for OHhas a nonzero value at ~ Energy Cross section Energy Cross section
17.5 eV. This seems contradictory to the appearance potential (&) (10" cn?) (ev) (107" cn?)
shown here(i.e., 18.116 eV. This discrepancy is probably 4.43 0 9 0.244
due to the uncertainty in the energy of the electron beam 4.59 0.0044 9.22 0.213
mentioned above. 4.71 0.011 9.4 0.208
The energy distribution of the ejectddecondary elec- 2 2 %‘%%5 g'zg %2;13
trons is of practical importance. It is needed when the energy :,, 0.0913 989 0.256
deposition of the incident electron is required, e.g., in models ¢ 0.116 10 0.285
of radiation damage where the secondary electrons lead to 6.19 0.128 10.138 0.337
strand breaks in cellular DNA. The energy distribution, 6-32 0.133 10.46 0.493
called the single differential cross secti@®DC9 of ioniza- 6.45 0.122 10.66 055
. . . . 6.64 0.1 10.8 0.57
tion, was obtained experimentally by Bolorizadeh and - 0.0485 10.9 0576
Rudd® They measured angular distribution of the ejected 7.1gs 0.0313 11 0576
electrons, from which the SDCS was derived. Their values of 7.3 0.0287 11.18 0.553
SDCS are shown in Table 12. More detailed information of ~ 7-43 0.036 11.5 0.466
angular and energy distributions of the ejected electrons can ;'36 8'225 ig 5 8'227
be found in a recent theoretical paper by Champoal & g 0.23 13 0108
On the basis of the measurements of several groups, Lind- g21 0.286 13.28 0.0688
say and Mangan concluded that theGHand DO total and 8.35 0.31 13.625 0.038
partial ionization cross sections are essentially identical. Re- 8.44 0.316 13.8 0.0264
8.6 0.31 14 0.023

cently Tarnovskyet al® measured the partial cross sections

for the production of O™, OD*, and D" from D,O. Their 8.7 0-285
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CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER 15

TaBLE 15. Recommended cross sections for production of Gtém H,0O TaBLE 16. Dissociation channels of, @ produced by electron impact
Energy Cross section Energy Cross section Dissociation products  Minimum enerdgV) Observed thresholteV)
— 18 — 18
(eV) (10" ¥ cm?) (eV) (10" cn?) OCP) + FX) 03
4.3 0 8.19 0.078 OH(X)+H(n=1) 5.10 7.6
4,51 %-04 8.31 0.082 O* (*D) + Hy(X) 7.00
4.75 1.82-03 8.385 0.083 OH*(A)+H(n=1) 9.15 9.6:0.2
5.0 4e-03 8.53 0.081 O* (1S) + H,(X) 9.22 15.5-1.0°
5.21 6.€-03 8.64 0.0756 OCP)+2 H 9.51
5.39 0.0109 8.85 0.057 O*(3s 3S°) +H,(X) 14.56 238
5.56 0.0165 9.0 0.0436 OH(X)+H*(n=2) 15.30 154
5.69 0.0246 9.23 0.0304 OH(X) +H*(n=3) 17.19 18.530.58°
5.836 0.0379 9.36 0.0244

30bserved by Harlet al1%t

2(1) 88?2; gg? ggigi PObserved by Beenakket al®?

: : : : ‘Observed by Kedziersldt al 1%

6.27 0.1048 9.654 0.0202 d0bserved by Morgan and Ment&fi.

6.36 0.114 9.78 0.0229

6.437 0.116 10.01 0.0358

6.536 0.1154 10.26 0.053 . . ,

6.626 0.1105 10.52 0.066 86 electron-impact excitation of electronic states suggest that
6.77 0.095 10.825 0.0775 these Feshbach resonances may be observed in excitation
6.874 0.0763 11.0 0.082 35 cross sectiorisee, for example, Gorfinkigt al25).

7.02 0.062 35 11.13 0.0847 In recommending the values of Melton, we remark that
715 0.0489 11.3 0.083 these are over 30 years old and it is now known that man
7.32 0.0376 11.45 0.0795 y ) . y
7413 0.0356 11.6 0.0699 early measurements of anions produced by electron impact
7.49 0.0345 11.87 0.048 18 suffered from kinetic energy discrimination of the anions.
7.6 0.036 12.0 0.0402 We therefore strongly recommend a new measurement of
7.3 0.0417 12.19 0.0311 dissociative electron attachment to water.

7.83 0.048 12.47 0.0184 . L . .

8.02 0.067 Dissociative attachment is expected to have a large isotope

effect. Compton and Christophof§thave measured disso-
ciative attachment cross section both for the f@rmation
from D,O and for the H formation from HO. They found
that the ratio of the D cross section to the Hone was 0.75

%t the maximumat 6.5 eVj. The corresponding ratio for the
gnergy-integrated cross section was 0.60. This is easily un-
erstood by the large mass of Dcompared with H. (A

ore detailed discussion of this isotope effect is given by

sured by Meltof® as a recommended value, since Melton’s
cross section shows a good agreement with the result of
previous independent measurement by Compton an
Christophoroff and no recent measurement of the absolute

values of the cross section has been reported. We confirr) . a7 .
this recommendation. elic et al°) Compton and Christophorou showed no abso-

Electron attachment to water results in three kinds oilme values of cross section for the (roduction. They only
negative ion fragments, H O, and OH . Cross sections indicated that thg relative magnitudes of the three peaks in
for each anion are shown in Fig 13. Their numerical value he O~ cross section were different depending on the targets,

are given in Tables 13, 14, and 15. Bebtal®” made a 20 or B;0.

detailed study of the attachment procéss., measurements

of energy and angular distributions of )i They interpreted 10. Emission Cross Sections

the three peaks in the cross sectiais6.5, 8.6, and 11.8 eV

as being due to the Feshbach resonanaéslton showed no When an electron collides with a water molecule, radiation
third peak in the H curve. Belicet al, however, observed is emitted over a wide range of wavelengths. Most of the
H™ at around 11.8 eV and concluded its intensity to be apfadiation arises from dissociation fragments in their excited
proximately 600 times weaker than the value at 6.5 &de  states(i.e., H*, O*, OH*). The corresponding emission
three peaks correspond to the resonance ¥8th(at 7.0 eV}, cross section.mis; are discussed here in two spectral re-
3A; (9.3 eV), and®B, (~12.3 eV) as a parent, respectively. gions: (1) visible and near ultraviolefUV) regions and?2)
Their electronic configurations would be i) %(3sa,)>  vacuum ultravioletfVUV) region. Table 16 summarizes the
2B,, (3a;) (3sa;)? 2A;, and (Ib,) %(3sa)? ?B,. Jun-  possible dissociation channels in electron impact with water.
gen et al®® calculated the resonance energies of the statels shows the minimum energy for the formation of the re-
and obtained reasonable agreement with the experimental repective fragmentgaccording to the thermodynamics given
sults. These Feshbach resonances might affect other collision Sec. 2 with the corresponding thresholds observed in ex-
processesi.e., elastic scattering and excitations of rotational,periments.

vibrational, and electronic stajeJ here is however no report  One of the important aspects of the emission measurement
of experimental observation of these resonances in elastis the degree of polarization of the radiation. To accurately
and vibrational cross sections, but theoretical calculations ofletermine the emission cross section, one has to take into
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10x107°

MASON

100 eV(in 10 8 cn?)

TaBLE 18. Emission cross sections produced by electron impact,® &t

e + H,0 emission
OH A-X

Transition

Beenakké&f

Mohimanr?*

Miiller®®

. 2.
cross section (cm

OH A-X
H3-2
H4-2
H5-2
H6-2
0 777.4
0O 844.7

4.64(0.87°

0.641(0.064

0.1260.025
0.2860.057

3.55(0.43
0.683(0.082
0.273(0.055
0.102(0.020

2.7(0.4)
2.7(0.4
0.49(0.07)
0.19(0.03
0.089(0.013

aThe numbers in the parentheses are the possible errors estimated.

volved in the proces¥. In any case, considering the uncer-
tainty of the measured values @t,,;s the polarization of the
emission, if any, does not affect the conclusion presented

567 2 3 4567 2
10 100

electron energy (eV)

3 4567
1000

Fic. 14. Cross sections for the emission of @HX bands upon electron
collisions with HO, measured by Beenakket al. (Ref. 92.

region;
two papers. Beenakket a

™ below about the emission cross section.

10.1. Visible and Near-UV Regions

92,93

|92

There are two comprehensive studies of the spectra in this
and earlier measurements are reviewed in these
measured the emission in the

185-900 nm region. They obtained Qg at the collision
energies from threshold to 1000 eV. Mar et al®® surveyed

account the polarization of the emission. All of the experi-the emission in the 280—500 nm region, but reported an ab-

ments cited below, however, assume the polarization to bgolute cross section only at 100 eV.

weak or simply ignore the effect. There is a measurement of
polarization for the emission of OH A-X transition. Becker
et al® found the polarization of it40,0) band is —5.2
(£1.1)% at 11.9 eV, bubecomes less than a few % at the n
energies above 20 eV. For the Balmer radiation, Vroom and
de Heet° could not detect any polarization at least above 50
eV. Furthermore, the VUV emission following dissociative

OH* A-X Transition

Beenakkeret al®? assigned the emission in the 306—-350
m region as the transition

17
excitation of polyatomic molecules can be assumed unpolar: ]
ized, because a large number of repulsive channels are in o
o
3 0% o o
TaBLE 17. Cross section for th&—X emission from OH in dissociation of 4 o} o
H,O by electron impact, measured by Beenadenl > . . °,
107 05)
Energy Cross section Energy Cross section "‘E : o <
18 18 = 57 U Sl
(ev) (1078 cnP) (eV) (1078 cnP) < 5 Og a
=2 4+
)
9 0 100 4.64 2 37 dﬁ &)
10 1.87 120 4.32 n 2 o O = O
12.5 7.33 140 4.00 § 8] Dq:]
15 9.19 170 3.64 © 107 g
17.5 9.32 200 3.39 3 0
20 9.11 250 2.97 g: O
22,5 8.45 300 2.66 2 o e+ H,0 emission
25 7.97 350 2.40 3+ O H Alpha (3-2
275 7.67 400 224 2 O HBetha (4-2
30 7.45 450 2.06
35 6.98 500 1.96 107
s 0w B T,y
) ) o 00 1000
60 5.66 800 1.49 electron energy (eV)
70 5.35 900 1.31
30 5.08 1000 1.21 Fic. 15 Cross sections for the emission of H Balme!ad_iation(measured
90 4.83 by Mohimann and de Heer, Ref. Pdnd H Balmers radiation(measured by

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TaBLE 19. Cross section for the emission of H Balmer3-2) line pro- 108 —
duced by electron impact dissociation o§® measured by Madmann and o e + H,0 emissiol
de Heet* 74 X 0844.7
61 X 0777.4
Energy Cross section 5:
(ev) (1078 cn?) 4
3 2
20 0.204 NMN""“ M,
30 1.05 24 M M
40 1.69 ) X
<z X
28 ;;i 5 MMM s KRR M%q
. + -19 X
70 3.26 g 10 o £ - M
8 X
80 3.46 8 4 X * x
90 3.54 5 o] M % ol
100 3.55 ¥y
2
150 3.11 X Xy
200 2.69 3 * %
300 2.04 M ¥
400 1.62 2
500 1.32 » KKy
600 1.14 X
700 1.01 10-20 T T T T L] T T T T T
800 0.892 2 3 4 5678 2 3 4 5678
900 0.814 10 100 1000
1000 0.734 electron energy (eV)

Fic. 16. Cross sections for the emissions of the GRBp3s°S° transition at
777.4 nm and O 3fP—3s°S° transition at 844.7 nm, measured by Beenak-

OH (0-0, 1-1, 2—2bands ofA 23, * —X 2I1. keret al. (Ref. 92.

The cross section for the emission they measured is shown in
Fig. 14 and listed in Table 17. Beenakledral. estimated an
uncertainty of 19% at 300 eV. A similar measurement wasH
performed later by Mier et al®® They resolved each of
0-0, 1-1, and 2-2 bands. The cross section summed over
the three bands at the collision energy of 100 eV is compared
in Table 18 with the corresponding value obtained by
Beenakkeret al. Despite the uncertainty claimed in both the
experiments, the two experimental cross sections diffe
markedly from one another.

n=3-2 at 656.3 nm,
n=4-2 at 486.1 nm,
n=5-2 at 434.0 nm,
n=6-2 at 410.2 nm.

They reported the energy dependence of g, only for

}he BalmerpB (n=4-2) emission and this is shown in Fig.
15. From the measurement at 100, 200, 500, and 800 eV,
they concluded that the energy dependence of all the Balmer
lines is the same within 4%. They reported Rg,,;s at 300

eV for all the Balmer lines relative to the Balmgrone. The
measured the cross sections for theQgnis for the Balmer radiation has also been measured by
Mohlman and de Heéf They showed the energy depen-

H* Balmer Emissions

Beenakkeret al®?

Balmer emissions

TaBLE 20. Cross section for the emissions of H BalnetO 844.7, and O 777.4 lines upet H,O collisions, measured by Beenakleral >?

Energy HB (4-2 0 844.7 0 777.4 Energy HB (4-2) 0 844.7 0777.4
(eV) (107 cn) (107*° cnP) (107 cn) (eV) (107 cmd) (107 *° cnP) (107 cn)
20 0.415 0.236 0.035 120 6.13 2.87 1.17
225 0.607 0.354 0.078 140 5.83 2.59 1.02
25 0.726 0.528 0.145 170 5.22 2.53 0.804
27.5 0.991 0.818 0.308 200 4.86 2.32 0.734
30 1.55 0.972 0.489 250 4.18 1.90 0.540
325 2.17 1.07 0.653 300 3.68 1.67 0.461
35 2.54 1.17 0.765 350 3.27 1.45 0.425
375 2.84 1.29 0.861 400 2.92 1.30 0.362
40 3.06 1.40 0.945 450 2.62 1.13 0.347
50 4.04 1.88 1.16 500 2.39 1.05 0.282
60 5.25 2.30 1.29 600 2.05 0.892 0.244
70 5.89 2.54 1.33 700 1.82 0.784 0.172
80 6.25 2.70 1.32 800 1.61 0.680 0.170
90 6.40 2.80 1.28 900 1.47 0.586 0.160
100 6.41 2.86 1.26 1000 1.38 0.532 0.135

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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E TaBLE 21. Emission cross sections for electron impact gt 200 e\(in
1 le + H,0 emission 10 8 cn?)
1| ¢ H1218
¢ 01304 Transition Morgaf® (renormalized Ajello® (renormalizedl
-17
1077 3 0 060606 ¢ H2-1 7.3(1.02 5.6 (0.9
] o oo 0 130.4 0.220.03 0.191(0.030
4 (o4
i aThe numbers in the parentheses are the possible errors estimated.
«E - ©
O
s 18 3 3
107 O3p°P-3s°S° at 844.7 nm.
o] - (o]
; ] The cross sections for these lines are shown in Fig. 16 and
e ] s 80000, Table 20. Beenakkegt al. claimed an uncertainty of 20% for
B * . . .
. *e both the emissions. The corresponding values at 100 eV are
1071 4 S given in Table 18 for comparison with other lines.
] Other Emissions
1 . Mller et al®® observed some other emissions. They ob-
tained the cross sections for
-20
10 T T T T T LY T T T T -
2 3 4 56789 2 3 4 5 OH'ASII-X33~ at 320-420 nm,
10 100

electron energy (eV)

H,O*A2A;—X ?B; at 350-500 nm.

Fic. 17. Cross sections for the emissions of H Lymaline at 121.6 nmand  These cross sections are reported only at 100 eV. Kuchenev
the O resonance line at 130.4 nm, measured by Morgan and MéR&ll

; e +7 2 ¥ 2
96). Renormalization of the measured values has been taken as is describ@id Smirno¥> measured emissions from8" A Alfx B
in the text. at 428-763 nm. They report absolute cross section for each

rotational line at 50 eV.

dence for the Balme® (n=3-2) line. This is also plotted in 10.2. VUV Region
Fig 15. Its energy dependence is very similar to that of the A comprehensive measurement in the VUV region was

Balmer g line, thus confirming the conclusions of Beenakker j,44e by Morgan and Ment&fl and Ajello®” Morgan and

Mentall reported the absolute values@f,,s for the energy

region from threshold to 300 eV, but only for the hydrogen
: N Lyman « and oxygen resonance lines. Ajello measured the
The ratios of those tQenm;s for then=4-2 transition are  ¢ross section only at 200 eV, but for many lines emitted from

in reasonable agreement with the same ratios obtained Rye excited states of O © O, and H in the region of
Beenakkeret al. at 300 eV. Furthermore the absolute value40_280 nm. A general review @, in the VUV region

of the Qens for the Balmer line measured at 100 eV by a5 published by van der Burgt al.”* and includes a de-

et al. For Balmer lines other than for the transitiam
=3-2, Mchiman and de Heer recorde@,,s at 100 eV.
These values are shown in Table 18.

Mohlman and de Heer agrees with that of Beenaledtesl.
Miller et al®®

also measured the cross section for the

Balmer emissions. Their values at 100 eV are compared ifiasLe 22. Cross sections for the emission of H Lyman(2-1) and O

Table 18 with the other two experiments. Considering th

experimental uncertainties, the two sets of the cross sections

of Mohiman and de Heer and Mer et al. are in agreement
with each other, except for the Balmgtine. For the Balmer
B line, the cross section of Mler et al. is a little too small
compared with that of Madiman and de Heer, but agrees with
the value of Beenakkeet al. within their experimental un-
certainties.

Table 19 shows th&..s for the Balmera (3—-2) line
measured by Malman and de Heefwith an uncertainty of
12%) and Table 20 the Balmef (4—2) line measured by
Beenakkeret al. (with an uncertainty of 10%

Emissions from Oxygen Atoms

Beenakkeret al®? obtained theQ,;s for the transitions
0O3p°P-3s°° at 777.4 nm,

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005

desonance lines produced by electron impact g®Hneasured by Morgan
and Mentalf® and renormalized

Energy Cross section for O 130.4 nm Cross section for H 121.6 nm

(eV) (107%° cnP) (1078 cnP)
25 0.194 0.601
375 0.832 2.27
50 1.45 4.05
62.5 2.09 5.90
75 2.56 7.27
87.5 2.78 8.23
100 2.83 8.45
112.5 2.81 8.39
125 2.75 8.29
137.5 2.68 8.12
150 2.60 7.99
175 2.39 7.64
200 2.22 7.33
225 2.02 6.98
250 1.86 6.65
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g TaBLE 23. Cross section for the production of &8f from H,O by electron
] impact, measured by Kedziersii al %
| //6_ ‘e\s\@\e Energy Cross section Energy Cross section
10715 4 (eV) (1078 cn?) (eV) (1078 cnP)
E 18.56 0.2 157.16 1.43
. 22.52 0.36 161.12 1.42
1 26.48 0.48 165.08 1.40
& 1 e + H,0 dissociatign 30.44 0.67 173 1.36
o~ —o— OH(X) 34.4 0.78 176.96 1.34
5 197 —o('s) 42.32 1.04 180.92 1.33
2 7] 50.24 1.20 184.88 1.33
A b 54.2 1.25 192.8 1.30
g 7 62.12 1.36 196.76 1.29
} 70.04 1.39 200.72 1.28
18 81.92 1.45 212.6 1.26
107 93.8 1.49 22052 1.24
] 101.72 1.50 232.4 1.20
T 105.68 1.50 240.32 1.16
i 113.6 1.50 252.2 1.12
7 121.52 1.49 260.12 1.11
107" 125.48 1.48 272 1.07
s 678 2 3 4 5678 > 3 45 133.4 1.47 283.88 1.05
10 100 137.36 1.46 291.8 1.03
electron energy (eV) 141.32 1.46 303.68 1.00
145.28 1.45 311.6 0.98
Fic. 18. Cross sections for dissociation of® for the production of OH 153.2 1.43 319.52 0.95

(X) (measured by Harbt al, Ref. 103 and O {¢S) (measured by Kedzier-
ski et al, Ref. 100.

O Resonance Line

tailed discussion of previous experiments. Most of the cross Another intense line in the VUV region is the resonance
sections in the VUV region are based on relative measurdine of atomic oxygen

ment and resort to some kind of normalization procedure.

Van der Burgtet al. critically assessed each norrﬁalization 02p*(*s’)3s’°-2p*°P at 1304 nm.
procedure and proposed, if necessary, renormalization bas@dhe Qs measured by Morgan and Mentéind renormal-

on more recent and more reliable methods. Ajello normalizedzed as abovkis plotted also in Fig. 17. Table 21 gives a
his result to the cross section of Lymaremission from H. comparison of the renormalized values of Morgan and Men-
He used the value (8.2810 ' cn? at 100 e\f measured by tall and Ajello. They agree well with each other. The renor-
Shemansket al % Van der Burgtet al. determined the best malized Qs of Morgan and Mentall are given in Table 22
value of this cross section to be K30 * cn?. Accord-  (with an uncertainty of 13%

ingly Ajello’s cross section should be multiplied by
7.3/8.18=0.892. Morgan and Mentall employed in their nor-
malization an average value of the cross sections available
for the emission of 130.4 nm line from ,O(i.e., 3.3
X 10 8 cn? at 100 eV. Instead van der Burgt al. recom-
mended using the value (3.83.0 ' cn?) measured by

9 .
LanenC@ and thus the CI‘(?S§ section reported by MorganrABLE 24. Cross section for the production of OM)(from H,O by electron
and Mentall should be multiplied by 3.05/3:8.924. impact, measured by Haw al0!

Other Emissions

Ajello®” reported cross sections for many lines emitted
from the excited states of O,"Q O ", and H in the region

Energy Cross section
H Lyman « (2p-1s) Transition V) (10" cnf)

10 0.15

Figure 17 shows the cross section for the H Lyman 15 0.48
emission at 121.6 nm, measured by Morgan and Mentall and 20 0.7
renormalized as above. Table 21 compares @Qg;is mea- 28 13
sured at 200 eV by Morgan and Mentall and by Ajello. Both 75 51

of the cross sections have been renormalized as above. The 100 2.05

agreement of the two cross sections is reasonable, if experi- 150 1.98

mental errors are taken into consideration. TQg;s ob- 200 1.75
tained by Morgan and Mentafand renormalizedis shown 2(5)8 1'2

in Table 22. They estimated an error of 13% for these values

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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-13

10 f
: Le + H20|
< |rot J=0-‘§
N
\\
-14 N,
10 NG
~ ™ “%\\)‘
NE 107" . mom trans Qk\\ le_laq
s S N
i} = 2z > I
2 i e Fic. 19. Summary of the recom-
n e ;5‘ N mended electron collision cross sec-
§ 10-16 \ \ b ]‘ !OH(X)I /. \\ N tions for H,O. Cross sections smaller
o e stretcfy: WA than 10 '8 cn? are not shown.
© * v 4
3 7 [ion tof
. N
. vib bend et M A- |H Lymana
10 ¥ ~ #
T \ l”i !
|attach 1= [
| | 11 10(15)! = ‘\IH Balmero
6 7S N~
4N "
R B s saman NU TN
1078 / NG TN
0.1 1 10 100 1000

electron energy (eV)

of 40-280 nm. TheQ,, for those lines were measured at §ection was made absolute by comparing with the dissocia-
200 eV. When used, they should be renormalized as statdive attachment channel J8—OH+H™. In so doing, use

above. The sum of those cross sections, after being renormayas made of the attachment cross section determined by
ized, is 1.9<10 8 cn?. Melton® (see Sec. P The cross section for the production of

OH (X) is shown also in Fig. 18. The numerical values are
tabulated in Table 24. The final error was estimated to be
36%. Assuming that the excitations of théBy and 1'B; of
H,0 yield the fragment OHX), Gorfinkiel et al?® compared
their theoretical cross scetions for the excitation of those

When water molecule dissociates upon a collision with : . o .
states with the measured values of dissociation cross section

electrons, some of the neutral fragments are prqduced n thefcr)r OH (X). It was found that the theoretical cross section
ground or metastable states, emitting no radiats®e Table

was too large at the energies below 10 eV and became close

16). These fragments are difficult to detect but recently new[(bthe dissociation cross section at around 15 highest

methods have been developed to measure the metastableener for which the calculation was donhis discrepanc
(*s) fragment and the OH in its ground stad?I1. oy pancy

may be due to the limitation of the calculation, i.e., the one-
(1) o (*s) dimensional model of nuclear motion. More flexibility of
) ) ) nuclear motion would open other channels, reducing the the-
Kedzierskiet al. ™" measured the cross section for the pro-getical probability of the excitation of the relevant states.
duction of O (s) , using a solid xenon matrix detector. The  gjince there remains a possibility that the dissociative at-
detector is selectively sensitive to @S). The cross section tachment cross section values of Melton may contain a sys-
was made absolute using a modified relative flow techniqueematic error, it is important to remeasure the attachment
The signals from BO targets were compared with those c;oss section and use these new values to renormalize the
from CG,. The cross section for the latter molecule was usegy (X 2I1) cross section.
as a standard. The resulting cross section is shown in Fig. 18
and Table 23. Kedziersldt al1%° claimed an overall uncer-
tainty of 30% of their data.

11. Dissociation into Neutral, Nonemitting
Fragments

[ 100

12. Summary and Future Problems

Figure 19 provides a summary of the present compilation
of cross sections foe+ H,O collisions. Cross sections tabu-

The cross section for the production of the ground statéated for the following processes are shown in the figure:
OH was measured by Haet al!% They employed a laser- total scattering(Table 3, elastic scatteringTable 4, mo-
induced-fluorescence technique to detect O®l. (The cross mentum transfer(Table 5, rotational transitionJ=0—1

(2) OH (X2II)
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(Table 8, vibrational excitation(Table 9, total ionization  with a water molecule are the fundamental processes in the
(Table 12, electron attachment to produce HTable 13, radiation action on biological matter. However in biology,
emissions of OH A—X) (Table 17, H Lyman « (Table 23,  water is in liquid phase. Due to the scarcity of experimental
and H Balmera (Table 19, and productions of 3G) (Table  and theoretical knowledge of the electron interaction with
23) and OH(X) (Table 24. Cross sections recommended for liquid water, the gaseous water is often used to simulate the
other processes are smaller than ¥0cn? and so are not biological medium. This is a challenging problem and it is
shown in this figure. necessary to find if and how cross sections in the gas phase
To make the cross section data set more comprehensiv@n be modified to estimate cross sections in liquid phase
and more accurate, we need further experimental studiegyhich will be used to estimate radiation effects in biological

particularly in the following areas: systems.
(1) A measurement of total scattering cross section is needed
at low energies particularly below 1 eV, with care taken 13. Acknowledgments
to allow for any necessary forward-scattering correc-
tions. During the course of the present work, many colleagues

(2) Elastic scattering cross sections in the energy region beprovided the authors with valuable information about the
low 4 eV are need to be measured using the magnetidata considered here. Particular thanks are due to Jonathan
angle changing technique. Especially the forward scatTennyson, who gave them detailed results of the calculation
tering peak predicted by theory should be studied experiof his group. Discussion with him was helpful in the evalu-
mentally. ation of the cross section data. They are also indebted to

(3) No beam—beam experiments provide information on theHyuck Cho, Mohammed Yousfi, and Bill McConkey for
rotational cross sections for individual transition. A care-sending them numerical data of the cross section they ob-
ful analysis of the profile of the elastic peak in the en-tained. They also thank the EC EPIC Netwd@@ontract No.
ergy loss spectra could provide the information of theRTN-0153 for support.
rotational cross section.

(4) More elaborate and quantitatively detailed measurements
of the vibrational cross sections would be desirable in
the energy range(a) around 7.5 eV andb) near thresh- ._LFor the spectroscopic observation of water, see P. F. Bernath, Phys. Chem
old (below 1 e\.J. The presence of a resonant process in ~pem Physd, 1501(2002. ’ o ' ' '
the former region must be explored. 2B, Nisini, Science290, 1513(2000.

(5) The last measurement of the absolute values of dissociaF. W. Taylor, Rep. Prog. Phy§5, 1(2002.
tive attachment cross section was more than 30 years aggl: Xie and M. J. Mumma, Astrophys. 386 720(1992.

. . L . For example, M. A. Tas, E. M. van Veldhuizen, and W. R. Rutgers, J.
and may contain kinetic energy discrimination effects. It Phys. D30, 1636(1997).
therefore should be repeated. 6S. Uehara, H. Nikjoo, and D. T. Goodhead, Rad. Ré& 202 (1999.

(6) A detection of neutral dissociation fragments is of prime 7Q%A-ITECSOC-799YAtt0miE ancli xolecu:slr DataAfor Radilt)éhgrapy and
importance, since there is currently no information of the o2 B0 eR e L e Nuovo CmBablo
production of OfP) and O&D) fragments. 12000,

(7) No beam experiment has been done to obtain absolutéT. shirai, T. Tabata, and H. Tawara, Atomic Data Nucl. Data TaB®&s
cross section for the excitation of electronic states. Since 143 (2002.

o S . .
. Hayashi, Bibliography of Electron and Photon Cross Sections with
the energy loss spectra have been measured Sever"ﬂx‘toms and Moleculeén 20th Century-Water VapourNIFS-Data-81(Na-
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